Preservation of mitochondrial integrity and energy metabolism during experimental status epilepticus leads to neuronal apoptotic cell death in the hippocampus of the rat  by Chuang, Yao-Chung et al.
Seizure 18 (2009) 420–428Preservation of mitochondrial integrity and energy metabolism during
experimental status epilepticus leads to neuronal apoptotic cell death
in the hippocampus of the rat
Yao-Chung Chuang a,b,*, Jui-Wei Lin c, Shang-Der Chen a,b, Tsu-Kung Lin a,
Chia-Wei Liou a, Cheng-Hsien Lu a, Wen-Neng Chang a
aDepartment of Neurology, Chang Gung Memorial Hospital-Kaohsiung Medical Center, Chang Gung University College of Medicine, Kaohsiung, Taiwan
bCenter for Translational Research in Biomedical Sciences, Chang Gung Memorial Hospital-Kaohsiung Medical Center, Chang Gung University College of Medicine, Kaohsiung, Taiwan
cDepartment of Pathology, Chang Gung Memorial Hospital-Kaohsiung Medical Center, Chang Gung University College of Medicine, Kaohsiung, Taiwan
A R T I C L E I N F O
Article history:
Received 28 September 2008
Received in revised form 19 February 2009








A B S T R A C T
Status epilepticus results in mitochondrial damage or dysfunction and preferential neuronal cell loss in
the hippocampus. Since a critical determinant of the eventual cell death fate resides in intracellular ATP
concentration, we investigated whether mitochondrial integrity and level of energy metabolism are
related with apoptotic cell death in speciﬁc hippocampal neuronal populations. A kainic acid (KA)-
induced experimental temporal lobe status epilepticus model was used. Qualitative and quantitative
analysis of DNA fragmentation, TUNEL immunohistochemistry, double immunoﬂuorescence staining for
activated caspase-3, electronmicroscopy or measurement of ATP level in the bilateral hippocampus was
carried out 1, 3 or 7 days after microinjection unilaterally of a low dose of KA (0.5 nmol) into the CA3
hippocampal subﬁeld. Characteristic biochemical (DNA fragmentation), histochemical (TUNEL or
activated caspase-3 staining) or ultrastructural (electron microscopy) features of apoptotic cell death
were presented bilaterally in the hippocampus 7 days after the elicitation of sustained hippocampal
seizure activity by microinjection of KA into the unilateral CA3 subﬁeld. At the same time, CA3 or CA1
subﬁeld on either side manifested a maintained ATP level; alongside relatively intact mitochondria,
rough endoplasmic reticulum, Golgi apparatus or cytoplasmic membrane in hippocampal neurons that
exhibited ultrastructural features of apoptotic cell death. Our results demonstrated that preserved
mitochondrial ultrastructural integrity and maintained energy metabolism during experimental
temporal lobe status epilepticus is associated speciﬁcally with apoptotic, not necrotic, cell death in
hippocampal CA3 or CA1 neurons.
 2009 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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Seizure is a major form of acute brain injury that could lead to a
large number of changes and cascades of events at the cellular
level, including gene expression, receptor composition, synaptic
physiology and activation of late cell death pathways.1,2 Clinical
and epidemiological studies suggest that patients with chronic
epilepsy undergo progressive brain atrophy that is accompanied by
long-term behavioral changes and cognitive declines despite
optimal antiepileptic drug therapy.3,4 Prolonged and continuous* Corresponding author at: Department of Neurology, Chang Gung Memorial
Hospital-Kaohsiung, Kaohsiung County 83342, Taiwan. Tel.: +886 7 7317123;
fax: +886 7 7318762.
E-mail address: ycchuang@adm.cgmh.org.tw (Y.-C. Chuang).
1059-1311/$ – see front matter  2009 British Epilepsy Association. Published by Else
doi:10.1016/j.seizure.2009.03.002epileptic seizure (status epilepticus) is a medical emergency
associated with substantial morbidity and mortality.5 Human and
animal studies4,6 showed that status epilepticus results in
signiﬁcant cerebral damage and increases the risk of subsequent
epileptic episodes, alongside a characteristic pattern of preferential
neuronal cell loss in the hippocampus. However, the nature of
seizure-induced neuronal cell death is controversial. Necrosis is
generally taken as the principal morphological phenotype of dying
cells after seizures.2 Despite the predominance of necrotic
morphology in dying neurons after seizures, other studies suggest
that apoptotic cell death plays an important role in seizure-
induced brain damage.1,7–9 Thus, research into the cell death fate
after status epilepticus remains of critical importance.
From its role as the cellular powerhouse, the mitochondrion is
emerging as a key participant in cell death because of its association
with an ever-growing list of apoptosis-related proteins.10,11 Thevier Ltd. All rights reserved.
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dysfunction and bioenergetic failure in the hippocampus during
status epilepticus remains unknown. A critical determinant of the
eventual cell death fate resides in intracellular ATP concentration,
the production of which depends on the structural and functional
integrity of themitochondrion.Whereas ATP depletion is associated
withnecrosis, ATP is required for thedevelopmentof apoptosis.12–14
Based onanexperimentalmodel of temporal lobe status epilepticus,
we demonstrated recently15,16 that the prolonged seizure-like
hippocampal electroencephalographic (hEEG) activity elicited by
microinjection unilaterally of the glutamate agonist kainic acid (KA)
into the CA3 subﬁeld of hippocampus17,18 is associated with
dysfunction of Complex I respiratory chain enzyme and mitochon-
drial ultrastructural damage in the bilateral CA3 or CA1 ﬁeld. It
follows that the long-term cell death fate in the hippocampus after
status epilepticus is dependent on whether mitochondrial ultra-
structural integrity and energy metabolism are preserved. The
present study was undertaken to address this issue. Based on
complementary biochemical, histochemical and electron micro-
scopic results,wedemonstrated thatapoptotic cell death inducedby
experimental temporal lobe status epilepticus is associated with
preserved mitochondrial ultrastructural integrity and energy
metabolism in hippocampal CA3 or CA1 neurons.
2. Materials and methods
All experimental procedures were in compliance with the
guidelines for the care and use of experimental animals endorsed
by our institutional animal care committee. All efforts were made
to reduce the number of animals used and to minimize animal
suffering during the experiment.
2.1. Animals
Experimentswere carriedout in141 speciﬁcpathogen-free adult
maleSprague–Dawleyrats(237–316 g).Ratswereobtainedfromthe
ExperimentalAnimalCenterof theNational ScienceCouncil, Taiwan,
Republic of China, and were housed in an animal room under
temperature control (24–25 8C) and 12-h light–dark cycle. Standard
laboratory rat chow and tap water were available ad libitum.
2.2. Experimental temporal lobe status epilepticus
Wereported previously15,16,19 thatmicroinjection unilaterally of
KA into the hippocampal CA3 subﬁeld results in a progressive
buildup of bilateral seizure-like hEEG activity. This model of
experimental temporal lobe status epilepticus was again used in
the present study. The head of the animal was ﬁxed to a stereotaxic
headholder (Kopf, Tujunga, CA, USA) after chloral hydrate (400 mg/
kg) was given intraperitoneally to induce anesthesia, and the rest of
the bodywas placed on a heating pad tomaintain body temperature
at 37 8C. KA (0.5 nmol; Tocris, Ellisville, MO, USA) dissolved in 0.1 M
phosphate buffered saline (PBS, pH 7.4) was microinjected
stereotaxically (3.3–3.6 mm posterior to bregma, 2.3–2.6 mm from
themidline, and3.4–3.8 mmbelowthe cortical surface) into theCA3
subﬁeld of hippocampus on the left side. The volume of micro-
injectionwas restricted to 50 nL andwas delivered using a 27-gauge
needle connected to a 0.5-mL Hamilton microsyringe (Reno, NV,
USA). This consistently resulted in progressive and concomitant
increase inboth rootmeansquareandmeanpower frequencyvalues
of hEEG signals recorded from theCA3 subﬁeld on the right side.15,19
As a routine, these experimental manifestations of temporal lobe
status epilepticus were followed for 30–40 min. The wound was
then closed in layers, and sodium penicillin (10,000 IU; YF Chemical
Corporation, Taipei, Taiwan) was given intramuscularly to prevent
postoperative infection. Animals were returned to the animal roomfor postoperative recovery in individual cages. Rats that received
unilateralmicroinjection of 50 nL of PBS anddid not exhibit seizure-
like hEEG activities served as our vehicle controls. Animals that
received choral hydrate anesthesia and surgical preparations
without additional experimental manipulations served as sham-
controls.
2.3. Collection of tissue samples from the hippocampal subﬁelds
At pre-determined intervals (1, 3 or 7 days) after microinjection
ofKAorPBS into thehippocampus, ratswereperfused intracardiacly
with50 mLofwarm(37 8C) saline that containsheparin (100 U/mL).
The brain was rapidly removed under visual inspection and placed
on a piece of gauze moistened with ice-cold 0.9% saline for the
removal of bilateral CA1 or CA3 subﬁeld of hippocampus.15 We
routinely separated tissues collected from the hippocampal sub-
ﬁelds on the left (injection side for KA) and the right side (recording
side for hEEG). This allowed us to ascertain that the results from our
biochemical, histochemical or ultrastructural analysis were con-
sequential directly to experimental temporal lobe status epilepticus
and not indirectly to KA excitatotoxicity.17,18
2.4. Qualitative and quantitative analysis of DNA fragmentation
Hippocampal tissues collected 1, 3 or 7 days aftermicroinjection
of KA or PBS into the left CA3 subﬁeld were used for qualitative and
quantitative analysis of DNA fragmentation.16,19,20 After extraction
of total DNA from the hippocampal tissues, nucleosomal DNA
ladderswereampliﬁedbyaPCRkit forDNAladderassay(APO-DNA1,
Maxim Biotech, San Francisco, CA, USA) to enhance the detection
sensitivity, and were separated by electrophoresis on 1% agarose
gel.16,19,20 To quantify apoptosis-related DNA fragmentation, a cell
death enzyme-linked immunosorbent assay (Roche Molecular
Biochemicals, Mannheim, Germany) that detects apoptotic but
not necrotic cell death21 was used to assay the level of histone-
associatedDNA fragments in the cytoplasm.22 Inbrief, proteins from
the cytosolic fraction of the hippocampal samples were used as the
antigen source, together with primary anti-histone antibody and
secondary anti-DNA antibody coupled to peroxidase.16,19,20 The
amount of nucleosomes in the cytoplasm was quantitatively
determined using 2,20-azino-di-[3-ethylbenzthiazoline]sulfonate
as the substrate. Absorbance was measured at 405 nm and
referencedat490 nmusingamicrotiterplate reader (Hitachi, Japan).
2.5. Terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL) staining
As a histochemical marker for apoptotic cell death, animals
were processed for TUNEL staining 1, 3 or 7 days after the induction
of experimental temporal lobe status epilepticus. In brief, the
hippocampus was removed and ﬁxed in 30% sucrose in 10%
formaldehyde-saline solution for 72 h. Six micrometer parafﬁn-
embedded sections of the hippocampus were processed for TUNEL
staining using an in situ apoptosis detection kit (ApopTag, Intergen
Company, Purchase, NY, USA).23 The total numbers of TUNEL-
positive cells on each section were counted using an Olympus
AX70 microscope and expressed as the TUNEL indices.23,24
2.6. Double immunoﬂuorescence staining and laser confocal
microscopy
Immunoﬂuorescence staining was carried out in animals using
procedures that were modiﬁed from those reported previously.16,25
In brief, free-ﬂoating sections of the hippocampus were incubated
with a rabbit polyclonal antiserum against activated caspase-3 (Cell
Signaling, Danvers, MA, USA), together with a mouse monoclonal
Fig. 1.Qualitative (upper panels) or quantitative (lower panels) analysis of temporal
changes of DNA fragmentation in the bilateral CA3 or CA1 subﬁeld of hippocampus,
1, 3 or 7 days (D1, D3, or D7) after microinjection of PBS (vehicle) or KA (0.5 nmol)
into the left hippocampal CA3 subﬁeld. Values in lower panels are presented as
mean  S.E.M. from 4–5 samples. *p < 0.05 vs. sham-control (B) group or
corresponding PBS-treated group in the Scheffe´ analysis.
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speciﬁc nuclear protein (NeuN; Chemicon, Temecula, CA, USA). The
sections were subsequently incubated concurrently with two
appropriate secondary antisera (Molecular Probes, Eugene, OR,
USA), including a goat anti-rabbit IgG conjugated with Alexa Fluor
488 for activated caspase-3 or a goat anti-mouse IgG conjugated
with Alexa Fluor 568 for NeuN. Viewed under anOlympus Fluoview
300 laser scanning confocal microscope (Tokyo, Japan), immunor-
eactivity for NeuN exhibited red ﬂuorescence and activated
caspase-3-manifested green ﬂuorescence. The exhibition of yellow
ﬂuorescence on merged images indicated the presence of activated
caspase-3 immunoreactivity in neurons.
2.7. Electron microscopy
Our laboratory demonstrated previously15,16 that whereas
mitochondrial dysfunction and ultrastructural damage occurred
in the dentate gyrus, CA1 and CA3 subﬁelds of hippocampus after
experimental status epilepticus, the CA3 area was most severely
affected. We thus concentrated our efforts on this hippocampal
subﬁeld. Seven days after microinjection of KA or PBS into the left
CA3 subﬁeld, the hippocampus was processed for electron
microscopic evaluation.15 Tissue samples were diced and imme-
diately submerged in 4% glutaraldehyde (0.1 M sodium cacodylate
buffer, pH 7.2). Each specimen was trimmed and embedded in
Spurr’s medium. After embedding, tissue blocks were post-ﬁxed
with osmium, en bloc stained with uranyl acetate, and post-
stained with uranyl acetate and lead citrate. Tissue sections were
cut to a thickness of 90 nm and viewed on 300 mesh-coated grids
using a JEOL JEM-1230 (Tokyo, Japan) electron microscope.
2.8. Histopathology
Someanimalswereprocessedforhistopathologicalanalysisofthe
extent of necrotic cell death in hippocampal neurons. For this
purpose, 4-mm parafﬁn-embedded brain sections 1 or 3 days after
experimental statusepilpticusweredeparafﬁnized in twoexchanges
of xylene of 5 min each, washed sequentially in 100%, 95%, and 70%
ethanol, and processed for hematoxylin–eosin (H&E) staining.
2.9. Measurement of ATP concentration
Hippocampal tissues collected 1, 3 or 7 days after microinjec-
tion of KA or PBS into the left CA3 subﬁeld were used to measure
ATP concentration.26 Samples were homogenized in a solution that
contained tissue protein extraction reagents (Pierce, Rockford, IL,
USA), and the supernatant was subject to determination of ATP
concentration, using an ATP bioluminescence assay (Roche). Light
emitted from a luciferase-mediated reaction and measured by a
tube luminometer (Berthold Detection Systems GmbH, Pforzheim,
Germany) was used to calculate the measured values.
2.10. Statistical analysis
All values are expressed as mean  S.E.M. One-way analysis of
variance (ANOVA) was used to assess group means, followed by the
Scheffe´ multiple range test for post hoc assessment of individual
means. p < 0.05 was considered statistically signiﬁcant.
3. Results
3.1. Temporal changes in DNA fragmentation in the hippocampus
following experimental temporal lobe status epilepticus
Our ﬁrst series of experiments evaluated whether apoptotic cell
death takes place after the induction of experimental temporal lobestatus epilepticus. Apoptosis with characteristic nucleosomal DNA
ladder or cytoplasmic histone-associated DNA fragmentation was
differentially present in the hippocampal subﬁelds after micro-
injection of a lowdoseof KA (0.5 nmol) into the left CA3ﬁeld (Fig. 1).
Signiﬁcant DNA fragmentation appeared as early as day 1 in the
ipsilateral CA3 or CA1 subﬁeld, followed by progressively heigh-
tened intensity 3 and7days after experimental temporal lobe status
epilepticus. More intriguingly, signiﬁcant DNA fragmentation was
also detected from the contralateral CA3 or CA1 subﬁeld 7 days after
local applicationofKA into theCA3ontheopposite side.Ontheother
hand, DNA fragmentation was not detected in PBS-treated (vehicle
control group) rats or sham-controls.
3.2. TUNEL-positive neurons in the hippocampus following
experimental temporal lobe status epilepticus
Our second series of experiments employed TUNEL stain to
conﬁrm the neuronal nature of the apoptotic cells in the
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The TUNEL indices on bilateral hippocampal CA3 at different time
points shown in Fig. 2E. Signiﬁcant amounts of TUNEL-positive
cells appeared as early as day 1 and reached their peak on day 7 in
the ipsilateral CA3 subﬁeld (Fig. 2C) after microinjection of KA into
left CA3 subﬁeld. Moreover, discernible numbers of TUNEL-
positive neurons were also detected in hippocampal CA3 subﬁeld
on the contralateral side 7 days after local application of KA
(Fig. 2D). Again, TUNEL-positive cell was essentially absent in the
bilateral CA3 (Fig. 2A and B) subﬁeld 7 days after microinjection of
PBS into the hippocampus.
3.3. Expression of activated caspase-3 in the hippocampus following
experimental temporal lobe status epilepticus
Our recent work19 revealed that a progressive augmentation
of activated caspase-3 in the bilateral hippocampal CA3 subﬁeld
that peaked on day 7 after the elicitation of sustainedFig. 2. TUNEL-staining of bilateral CA3 subﬁeld of hippocampus 7 days after
microinjection of PBS (A and B) or KA (0.5 nmol; C and D) into the left hippocampal
CA3 subﬁeld. Note that TUNEL-positive neurons display brown color and were
denoted by arrows. Scale bar: 50mm. (E) TUNEL indices reveal signiﬁcantly higher
in the ipsilateral CA3 subﬁeld 1, 3 or 7 days (D1, D3, or D7) and in the contralateral
CA3 subﬁeld 7 days (D7) after microinjection of KA into the left CA3 subﬁeld. Values
of TUNEL indices are presented as mean  S.E.M. from 3 animals. *p < 0.05 vs. PBS-
treated group in the Scheffe´ analysis. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of the article.)hippocampal seizure activity. Thus, we also carried out dou-
ble-immunoﬂuorescence staining to conﬁrm that the active
fragment of caspase-3 protease is present in hippocampal CA3
neuronal cells that are undergoing apoptotic-like cell death.
Laser scanning confocal microscopy (Fig. 3) showed the presence
of an abundance of activated caspase-3 in cells in the bilateral
hippocampal CA3 subﬁeld that were immunoreactive to the
neuronal marker, NeuN 7 days after the induction of experi-
mental temporal lobe status epilepticus (Fig. 3C and D). In control
experiments, activated caspase-3 was essentially absent from
neurons in the bilateral CA3 subﬁeld 7 days after microinjection
of PBS into the hippocampus of animals that were pretreated
with aCSF (Fig. 3A and B).
3.4. Neurons with ultrastructural features of apoptosis and relatively
intact mitochondria in the hippocampus following experimental
temporal lobe status epilepticus
Our fourth series of experiments determined whether the
integrity of cytoplasmic organelles, particularly mitochondria,
was preserved in hippocampal neurons that exhibited the
ultrastructural features of apoptosis after experimental temporal
lobe status epilepticus. As exempliﬁed by a pyramidal neuron in
the right hippocampal CA3 subﬁeld (Fig. 4A), electron micro-
scopy showed oval nuclear morphology, prominent nucleolus,
normal cytoplasmic density and normal cytoplasmic organelles
in CA3 neurons on both sides 7 days after microinjection of PBS
into the left CA3 subﬁeld. On the other hand, neurons with
ultrastructural features of apoptotic cell death were identiﬁed
bilaterally in the hippocampal CA3 subﬁeld 7 days after
microinjection of KA into the CA3 subﬁeld on the left side.
Hippocampal neurons with advanced degree of apoptotic
features (Fig. 4B) exhibited a shrinkage appearance of its
markedly reduced cell body, alongside increased cytoplasmic
electron density and high condensation and margination of
chromatin in the much-diminished nucleus. In hippocampal
neurons that manifested an early stage of apoptotic changes
(Fig. 4C and E), the nucleus was reduced in size but surrounded
by an intact membrane. The chromatin was heterochromatic in
appearance, with mild margination. Intriguingly, regardless the
degree of severity as revealed by the ultrastructural features of
apoptosis, relatively intact mitochondria (Fig. 4D and F), rough
endoplasmic reticulum (Fig. 4D and F), or Golgi apparatus
(Fig. 4F) was clearly recognizable in the cytoplasm of hippo-
campal neurons that exhibited apoptotic cell death, along with
intact cytoplasmic membrane (Fig. 4D and F).
3.5. Minimal presence of necrotic cell death in hippocampal neurons
after experimental temporal lobe status epilepticus
We also addressed the question of whether hippocampal
neurons progressed to necrosis instead of apoptosis after
experimental status epilepticus, based on histopathological
evaluations of H&E-stained specimens. At 24 h after KA-induced
temporal lobe status epilepticus, the light microscopic char-
acteristics of bilateral hippocampal CA1 and CA3 areas (Fig. 5C
and D) were relatively normal when compared to sham-control
(Fig. 5A and B). At 3 days, a few neurons in the ipsilateral CA1
or CA3 area displayed cytoplasmic condensation, shrunken
neuronal cell and pyknotic nucleus (Fig. 5E), although typical
characteristics of necrosis, including acidophilic cell, cytoplas-
mic swelling and karyolysis were still absent. At the same
time, our histopathological assessment showed that CA1 or
CA3 neurons in the contralateral hippocampus remained
relatively normal 3 days after experimental status epilepticus
(Fig. 5F).
Fig. 3. Laser scanning confocal microscopic images of bilateral CA3 subﬁeld of hippocampus showing pyramidal cells that were immunoreactive to a neuronal marker, NeuN
(red ﬂuorescence), or were additionally stained positively for activated caspase-3 (green ﬂuorescence), 7 days after microinjection of PBS (A and B) or KA (0.5 nmol; C and D)
into the left hippocampal CA3 subﬁeld. Note that double-labeled neurons display yellow ﬂuorescence. Scale bar: 20mm.
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experimental temporal lobe status epilepticus
A crucial adjunct to preserved mitochondrial ultrastructural
integrity is preserved energy metabolism. Our ﬁnal series of
experiments addressed this issue by measuring the level of ATP in
the hippocampus after experimental temporal lobe status epilep-
ticus. Fig. 6 indicates that signiﬁcant reduction in ATP level was
detected on day 1 both in the ipsilateral and contralateral CA3 or
CA1 subﬁeld, followed by a progressive return to levels exhibited
by comparable PBS-treated rats or sham-controls.
4. Discussion
Increasing evidence has emerged indicating that apoptosis
plays an important role in cell death after various pathological
brain insults, including seizure-induced brain damage1,7,27 and
ischemic or traumatic brain injury,28 which are once thought to
involve predominantly necrosis. Recent studies indicated that the
mitochondrial permeability transition is involved in both apop-
tosis and necrosis, and a crucial factor for the ‘‘decision’’ between
these two cell death fates is intracellular ATP content.12–14,29 The
present study extended these ﬁndings by providing evidence to
support the notion that preserved mitochondrial ultrastructural
integrity and maintained energy metabolism from cellular insults
induced by experimental temporal lobe status epilepticus is
associated with apoptotic cell death in hippocampal neurons.
Systemic or intracerebral injection of KA has been used as an
experimental model for investigation of the vulnerability of the
hippocampus during status epilepticus.17,18 Because of the non-
speciﬁcnatureofKAdistribution, it isdifﬁcult todiscernwhether the
insult arises from the induced seizure activity or neurotoxic effects
of this glutamate analog. The present study took advantage of an
animal model that closely resembles status epilepticus of temporal
lobe origin,15,16,19 Using spectral analysis of hEEG to ensure that
unilateral microinjection of KA to the CA3 subﬁeld of hippocampus
elicits signiﬁcant and sustained epileptiform activities in the
contralateral CA3 subﬁeld, this experimental model ensures thatresults obtained are linked directly to hippocampal seizure activity
rather than indirectly to excitotoxic effects of KA. Based on this
animal model of experimental temporal lobe status epilepticus, we
demonstrated the presence bilaterally of characteristic biochemical
(DNA fragmentation), histochemical (TUNEL or activated caspase-3
staining) or ultrastructural (electron microscopy) features of
apoptotic cell death in hippocampal CA3 or CA1 neurons 7 days
after the elicitation of several hours of sustained seizure activity by
unilateral application of KA to the CA3 subﬁeld. Intriguingly,we also
showed that present in the cytoplasm of hippocampal neurons that
exhibited ultrastructural features of apoptotic cell death were
relatively intact mitochondria, rough endoplasmic reticulum, Golgi
apparatus or cytoplasmic membrane. At the same time, ATP
measured from the CA3 or CA1 subﬁelds on either side exhibited
a maintained level after an initial reduction during day 1 after the
induction of experimental temporal lobe status epilepticus. That all
those resultswere also obtained from theCA3 orCA1 subﬁeld on the
contralateral side to KA application again conﬁrmed that they were
consequential to prolonged hippocampal seizure activity rather
than KA excitotoxicity.
We found previously15,16 a dysfunction of Complex I respiratory
chain enzyme, accompanied by mitochondrial swelling and
disruption of membrane integrity 3 h after experimental temporal
lobe status epilepticus. Those observations point to at least two
possible, though not necessarily mutually exclusive, cellular
mechanisms that may underlie our observed apoptotic cell death
in the CA3 or CA1 neurons 7 days after the initial sustained seizure
activity in the same hippocampal regions. First, apoptotic cell
death may be related to increased production of superoxide anion.
Reactive oxygen species play an important role in the cellular
consequences of prolonged epileptic seizure.30,31 In particular,
mitochondrial production of superoxide anion is a known
contributor to apoptosis, and superoxide-dependent mitochon-
drial signaling in apoptotic cell death has recently been reported
after brain damage.32 Recent studies from our laboratory16 also
showed that signiﬁcantly and temporally correlated increase in
superoxide and peroxynitrite levels occurs 3–24 h after KA-
induced status epilepticus. Since Complex I is a primary site for
Fig. 4. Representative electron photomicrographs of ultrastructural change of neurons in the right hippocampal CA3 subﬁeld. (A) A pyramidal neuronwith intact ultrastructural
features 7 days after microinjection of PBS into the left CA3 subﬁeld. (B, C and E) Ultrastructural features of severe (B) or early (C and E) apoptotic cell death 7 days after
application of KA (0.5 nmol) into the left hippocampal CA3 subﬁeld. (D and F) Higher magniﬁcation of squared area in (C and E). Note normal mitochondria (M), rough
endoplasmic reticulum (rER) or Golgi apparatus (G), or intact cytoplasmic membrane (arrow) in apoptotic neurons. Scale bar: 1mm in (A–C and E) and 0.5mm in D and F.
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conceivable that dysfunction of this respiratory chain enzyme
during experimental status epilepticus may lead to an increase in
superoxide generation,33,34 leading subsequently to neuronal
apoptotic cell death in the hippocampal CA3 or CA1 subﬁeld.
Second, apoptotic cell death may be related to the mitochon-
drial permeability transition pore (MPTP). Transient opening of
these non-speciﬁc pores in the mitochondrial inner membrane
under conditions of cellular stress causes the mitochondrial
transmembrane potential to collapse, and triggers the release of
cytochrome c and other proapoptotic molecules that initiate the
apoptotic cascade.11 Our recent work16,19 also revealed that
cytosolic translocation of cytochrome c that peaked on day 1
was followed by a progressive augmentation of activated caspase-
3 or DNA fragmentation in the bilateral hippocampal CA3 subﬁeld
that peaked on day 7 after the elicitation of sustained hippocampal
seizure activity. Of note is that Complex I of the respiratory chain
has been suggested to be a constituent of the MPTP.35 It is thusreasonable to speculate that inhibition of mitochondrial respira-
tory Complex I during experimental temporal lobe status
epilepticus may trigger apoptosis by eliciting a reduction in
mitochondrial transmembrane potential as a consequence of
opening of the MPTP. Our previously observed mitochondrial
ultrastructural damage after experimental temporal lobe status
epilepticus15 provides ample credence to this possibility.
From its role as the cellular powerhouse, the mitochondrion is
emerging as a key participant in cell death.10,11 Apoptosis and
necrosis are two alternative forms of cell death, with well-deﬁned
morphological and biochemical differences.21,36 One crucial
physiological difference between cells that undergo apoptosis or
necrosis is intracellular ATP level. Since apoptosis is an energy-
dependent process, a decrease in ATP to below critical levels may
impede the execution of apoptosis and promote necrosis.12–14,29
Complex I plays a major role in mitochondrial oxidative
phosphorylation,37 include oxidizing NADH in the mitochondrial
matrix, reducing ubiquinone to ubiquinol and pumping protons
Fig. 5. Representative photomicrographs of bilateral CA3 subﬁeld of hippocampus stained with hematoxylin-eosin from sham-control animals (A and B), or animals 24 h (C
and D) or 72 h (E and F) after microinjection of KA (0.5 nmol) into the left hippocampal CA3 subﬁeld. Note that neurons that displayed cytoplasmic condensation, shrunken
cell body and pyknotic nucleus in ipsilateral CA3 area (E) were denoted by arrows. Scale bar: 50mm. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of the article.)
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inhibition results in incomplete mitochondrial electron transport
and disturbance of mitochondrial energy metabolism, dysfunction
of Complex I in the hippocampus during the initial prolonged
epileptic seizure may conceivably lead to necrosis because of a
decrease in ATP production. Whereas our results cannot rule out
the occurrence of necrotic cell death in the hippocampus during
the initial seizure insult, two pieces of experimental evidence
support the notion that the long-term cell death fate in the CA3 or
CA1 subﬁeld after experimental temporal lobe status epilepticus is
apoptosis. Results from electron microscopy demonstrated that
regardless of the degree of manifested severity of apoptotic
features, preservation of mitochondrial membrane integrity and
morphology was evident in hippocampal neurons 7 days after the
induction of experimental status epilepticus. At the same time,
that comparable ATP level was detected in the CA3 or CA1 subﬁeld
of KA- or PBS-treated animals during days 3 and 7 suggest that the
initial depression of mitochondrial energy metabolism has been
restored. We recognize that during or after prolonged seizure,
neuronal cells may exhibit a temporary drop in ATP production.38
As such, the source of the initial reduction of ATP level after
experimental status epilepticus may not only be those hippo-
campal neurons that entered into the apoptotic process, but also
neurons that were still viable.
Considerable controversy exists among reported models of
seizure-induced damage with regards to the distribution, magni-
tude or form of neuronal cell death.1,2,8,9,18 The nature of
hippocampal neuronal cell death following prolonged seizure
was reported to be either apoptotic, necrotic or both.1,2,7
Programmed cell death mechanisms associated with cellular
apoptosis have been shown to be activated by experimental status
epilepticus.8,9,39,40 Our experimental model revealed that seizure-induced apoptotic cell death was detected in the vulnerable CA1
and CA3 neurons after a low dose of intrahippocampal adminis-
tration of KA. Prolonged exposure of neurons in vitro to excitotoxin
at high concentrations produces necrosis; whereas brief exposure
to the toxin at lower concentrations results in apoptosis in the
same neuronal population.21 It follows that differences in animal
models of seizures, variations in duration and intensity of the
induced seizure activity, and metabolic disturbances after seizures
are all contributing factors that determine the level of energy
production in the mitochondria, leading eventually to diverse
neuronal cell death fate in vulnerable regions of hippocampus.
Based on histopathological analysis, we found that with the
exception of a few neurons that displayed cytoplasmic condensa-
tion, shrunken cell body and pyknotic nucleus in the ipsilateral CA1
or CA3 area, hippocampal neurons on the contralateral side
remained relatively normal 3 days after the induction of
experimental status epilepticus. We are aware that the severity
of seizure may be a determining factor for the induction of
apoptosis or necrosis. Thus, whereas CA1 or CA3 neurons on the
contralateral side may exhibit a mild degree of necrosis or the
intermediate forms of hippocampal neuronal damage found in KA-
and pilocarpine-evoked seizures,41,42 our observed pathohistolo-
gical characteristics of neurons in the ipsilateral hippocampusmay
also be directly related to KA excitatotoxicity.
In conclusion, the present study demonstrated that preserved
mitochondrial ultrastructural integrity and energy metabolism
during experimental temporal lobe status epilepticus leads to
apoptotic, not necrotic, cell death in vulnerable hippocampal CA3
or CA1 subﬁeld neurons. The establishment of a role for
mitochondrial apoptosis pathway in seizure-induced neuronal
death may open a new vista in the development of more effective
neuroprotective strategies against seizure-induced brain damage
Fig. 6. Measurement for ATP concentration in the bilateral CA3 or CA1 subﬁeld of
hippocampus, 1, 3 or 7 days (D1, D3, or D7) after microinjection of PBS or KA
(0.5 nmol) into the left hippocampal CA3 subﬁeld. Values are presented as
mean  S.E.M. from 4–6 samples. *p < 0.05 vs. sham-control (B) group or
corresponding PBS-treated group in the Scheffe´ analysis.
Y.-C. Chuang et al. / Seizure 18 (2009) 420–428 427and in the design of novel treatment perspectives for therapy-
resistant forms of epilepsy.
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